Purpose The aim of the study was to estimate how the deadwood of different tree species in various stages of decomposition affected nutrient dynamics. Materials and methods The deadwood of eight species (common alder, common aspen, common ash, silver fir, pedunculate oak, Norway spruce, common hornbeam and silver birch) was selected. Three logs from each species in the third, fourth and fifth decay classes were chosen for analysis. Wood in the third decay class was characterised by larger hard fragments, fragmented bark and no branches; in the fourth decay class, it was characterised by small pieces and a fragmented bark; and in the fifth decay class, it was characterised by a soft texture and no bark. The investigation was carried out in the Czarna Rózga Reserve in Central Poland. Tension lysimeters were installed under each log in the humus horizon. The water samples collected from tension lysimeters were chemically analysed in the laboratory. The water chemistry was analysed by means of ion chromatography using a DIONEX ICS 5000 unit. Results and discussion The leachate obtained from different tree species contained different ion concentrations. The high similarity of the concentration of total anions and statistically significant differences in the content of total cations were determined in the leachate from the wood of coniferous and deciduous species. The concentration of the cations increases with the advancement of the decomposition level. A general linear model analysis demonstrates that wood species and the decomposition classes are of equal importance in defining the ion composition of the filtrate leaching from deadwood. Conclusions Wood at the highest decomposition stage releases more ions to the surface soil layers than wood at the lower decay class. An exception from the rule is the wood of birch, which in the III decay class releases more ions than in its higher decay classes. When comparing the ionic composition of leachate released from wood of coniferous and deciduous tree species, the latter are characterised by higher cation concentrations in comparison with coniferous species. Among the deciduous species, wood of such species as ash, hornbeam, aspen, birch and alder has the most favourable effects on the soil surface horizons through its supply with ionic substances. The ash wood releases high amounts of calcium, hornbeam wood releases magnesium and sodium, and aspen releases calcium, potassium and nitrate anion. From the analysed coniferous species, fir wood has a more favourable effect in terms of ion release to soil than spruce wood.
Introduction
Deadwood plays a very significant role in a forest ecosystem. It comprises the habitat for diverse autotrophs and heterotrophs, while also acting as an energy source and nutrient reservoir (Zhou et al. 2007; Lassauce et al. 2011; Pichler et al. 2011) . The total amount of deadwood is not of key importance for the occurrence of different organisms, rather its quality degree of decomposition and thickness of individual dead trees (Ciach 2011) . Currently, following the results of Responsible editor: Elżbieta Jamroz a large-area inventory, Polish forests contain a mean of 5.8 m 3 / ha of large logs of fallen and standing deadwood. This amounts to 28.1 million m 3 standing deadwood and 24.6 million m 3 fallen deadwood. Deadwood is an important carbon pool in forests. During deadwood decomposition, C can be transferred to the atmosphere (in the form of CO 2 ) or it can be added to C stocks in soils where subsequently it becomes a part of the ongoing C cycle. Globally, coarse woody debris contains approximately 36-72 Pg of C (Magnússon et al. 2016) . One study indicated that there is an accumulation of approximately 1240 Pg of carbon in the biomass and soils of forest ecosystems ( VanCamp et al. 2004) . Deadwood is the area of storage of macronutrients such as nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) . Similar to C, these nutrients remain in deadwood for a certain period, yet they are eventually released through decomposition. The main processes involved in decomposition of deadwood are heterotrophic respiration, biological transformation, physical fragmentation and leaching (Russell et al. 2015; Magnússon et al. 2016) . Leaching of water-dissolved substances accompanies wood decomposition. Tree-specific effects on soil chemistry, throughfall and stemflow composition vary with the element species and are dependent on the supply paths of the elements, their mobility in the environment and their physiological functions in the plant (Bade et al. 2015) . Water penetrates deadwood, dissolving and leaching different substances, and as a result, making deadwood poorer in these substances. The significance of these processes at the initial stage of decomposition is low, yet with the advancement of the decomposition processes of deadwood, when microorganisms decompose polymers to more simple, soluble substances, the level of leaching intensifies (Harmon et al. 1986 ). Numerous components are present at low amounts in fresh wood. Studies have shown that with the advancement of the decay class, the content of these elements in the mass of decomposing wood increases significantly due to the decomposition of carbon compounds. Deadwood is structurally and chemically different from leaf litter and its fate in soil differs from leaf litter (Cotrufo et al. 2013) .
The deadwood decomposition is dependent on many factors including tree species, temperature, moisture and substrate quality (Zell et al. 2009; Shorohova and Kapitsa 2014) . Wood chemistry, e.g. content of lignin or C:N ratio, and other species-species traits can have a significant influence on the rates of decomposition (Rock et al. 2008 ). According to Lombardi et al. (2013) , the slower decay of lignin compared to cellulose suggested that lignin could be an important long-term source of soil organic carbon and that this process could be greatly affected by forest species mixtures.
The aim of the presented study is to determine the ionic composition of the solution released from deadwood of different tree species, at different decomposition levels. Our specific research questions were the following:
1. How do leaching of nutrients differ between the eight tree species (common alder, common aspen, common ash, silver fir, pedunculate oak, Norway spruce, common hornbeam and silver birch), especially between coniferous and deciduous species? 2. To what degree can we explain the differences in the amount of components released with the level of wood decomposition?
2 Materials and methods
Sampling sites
The investigation was carried out in the Czarna Rózga Reserve in Central Poland (Fig. 1) . The tree stands within the reserve are of natural origin; the dominant species is alder, further accompanied by the following: fir, ash, birch, beech, pine, oak, hornbeam, aspen and spruce. The study area is characterised by the following conditions of climate: the average annual rainfall is 649 mm, the average annual temperatures amount to 7.4°C and the length of the vegetation season lasts 200-210 days. Sample plots were located in the area with a predominance of fluvioglacial sand and loam with gleysols, cambisols and podzols (WRB 2014).
Experimental design
Logs of eight tree species at three different decomposition levels have been selected for the study. The deadwood common alder (Alnus glutinosa), common aspen (Populus tremula), common ash (Fraxinus excelsior), silver fir (Abies alba), pedunculate oak (Quercus robur), Norway spruce (Picea abies), common hornbeam (Carpinus betulus) and silver birch (Betula pendula) were included in the research. Three logs from each species in the third, fourth and fifth decay classes were selected for analysis. The decay classes (DCs) of logs were evaluated with the classification of dead trees developed by Maser et al. (1979) (Table 1 ). The leachate from deadwood was collected in tension lysimeters. Under each log, one lysimeter was installed at the stem midpoint (log diameter > 25 cm). The lysimeters were constructed of polyethylene tubes with a width of 300 mm. A plastic funnel was placed between the polyethylene tubes and plastic hose, and the plastic funnel was filled with quartz sand. The filtrate went through the lysimeter bottom and plastic hose and was collected in a plastic bottle located below the log, in the soil at the depth of 0-20 cm. The filtrate which would naturally reach the surface horizons of soil passed through to the plastic bottle placed at the depth of 0-20 cm and so had no direct contact with soil. Water samples for analysis were collected at 2-week intervals in the period from the beginning of March to the end of May 2017. For analysis, 100 ml water samples were collected with 48 samples of water being taken in one series. Using the data of the Agrometeorological Bulletins on the precipitation in individual months of the previous years and based on our own observation of the area, a decision was made to obtain deadwood filtrates in the spring. This was due to the precipitation and melting water present in the period from March to May; it would be possible to collect the required volume of filtrates. The collection of filtrates though was completed in May as there was a problem with obtaining the right volume of water for analysis.
Laboratory analysis
Water samples collected from tension lysimeters were chemically analysed in the Forest Environment and Recovery Geochemistry Laboratory at the Forest Faculty, at the University of Agriculture in Kraków. Before the analysis, samples were stored at 4°C. The water chemistry was Table 1 Criteria for evaluation of degrees of deadwood decomposition Degree Criteria for evaluation I Texture intact, circular, natural color of wood, bark intact, branches < 3 cm, log leaning on branches II Texture intact, circular, natural color of wood, bark slightly damaged, no branches < 3 cm, log begins to sink III Texture-larger hard fragments, circular, faded color of wood, fragmented bark, no branches < 3 cm, almost entire log on the ground IV Texture-small pieces, oval shape, faded color of wood, no bark, no branches < 3 cm, entire log on the ground V Texture soft and loose, oval shape, faded color of wood, no bark, no branches < 3 cm, entire on the ground analysed by means of ion chromatography using a DIONEX ICS 5000 unit, equipped with a DIONEX AS18 anion column and a DIONEX CS16 cation column. The analytical columns were used to simultaneously determine both the cations and anions in the same water sample. The mean concentration of ions was determined for the analysed period.
Statistical analysis
Based on Ward's method, agglomeration of the tested different species logs was conducted. The similarity between the logs of different species in different degrees of decomposition was investigated. The content of cations and anions determined in the leachate from deadwood was included in the analysis of agglomerations. The differences between the mean values were evaluated using Tukey's test. To reduce the number of variables in the statistical data set and to visualise the multivariate data set as a set of coordinates in a high-dimensional data space, the principal component analysis (PCA) method was used. The PCA method was used to evaluate the relationships between properties of filtrates and decay classes. The decay classes (qualitative variable) were converted into an artificial variable. The coding of variables was performed according to the 0, 1 scheme. A general linear model (GLM) was used to investigate the effect of the species and decay classes on the chemical composition of leachate. The statistical significance of the results was verified at the significance level of alpha = 0.05. All the statistical analyses were performed with Statistica 10 software (2010).
Results
The leachate obtained in the spring from different tree species contains different ion concentrations. The high similarity of the concentration of total anions and the statistically significant differences in the content of total cations were determined in the leachate from the wood of coniferous and deciduous species. At the III, IV and V decay classes, coniferous wood releases 51.5, 48.8 and 62.2 mg L −1 of total cations, respectively, whereas in III and IV decay classes, deciduous wood releases 55% more cations and in the V decay class, the difference is even greater and amounts to 102% (Figs. 2 and 3). In the leachate from wood of different tree species, high anion concentrations were observed, especially sulfate and phosphate anions; the amounts of which exceeded the concentrations of 730.5 mg L −1 (in the spruce wood in III DC) and 2654.4 mg L −1 (in the case of aspen wood in V DC). Particularly, large amounts of phosphate ions were released from spruce wood in V DC (511.3 mg L −1 ). In the case of the remaining species, the concentration of this anion was considerably lower and amounted to 1 mg L − 1 (alder wood in V DC) to 154.2 mg L −1 (ash wood in V DC) ( Table 2 ). Wood at a lower decay class typically releases lower amounts of phosphate ions than wood in the V DC. Among the studied species, the wood of ash and fir in the III DC released higher amounts of these ions in comparison to other species in the same decay class (110.5 and 94.7 mg L − 1 , respectively). Analysis of the leachate released from wood at the lower decomposition level (III DC) demonstrates that the highest concentration of the nitrate ion (NO 3 − ) was found to come from the leachate from alder wood (88.4 mg L −1 ). The wood of the remaining species at the same stage of decomposition released lower amounts of nitrate ion (from 0.5 to 29.6 mg L −1 ) ( Table 2 ). The leachate originating from wood in the IV DC, in the case of alder wood, was found to contain lower amounts of nitrate ion (57.0 mg L −1 ); however, in relation to the majority of studied species, such amounts remained statistically significant (the remaining species released from 2.1 to 36.5 mg L −1 ). Wood in the highest decay class in the case of alder wood released only 26.0 mg L −1 of nitrate ion, whereas filtrate from aspen, fir and oak in the V DC contained considerably higher amounts of the ion (179.2, 162.1 and 141.4 mg L −1 , respectively) (Table 2 and Fig. 4 ). The nitrite ion content is clearly higher in wood at the lower decomposition stage (III and IV DCs) than the concentration of nitrate ions. The leachate from aspen and ash wood was identified as containing the highest amounts of nitrite ion at the mentioned decomposition classes (III and IV DCs). Wood at the highest decomposition stage releases from 6.3 to 226.2 mg L −1 nitrite ions, and the wood of hornbeam and ash contains the highest amounts of the ion ( Table 2) . The presence of chloride anions, from 33.7 to 181.3 mg L −1 , was observed in the leachate obtained from wood of the analysed species at different decomposition stages. At the III and IV decomposition stages, the tendency for higher concentrations of the ion was determined in the leachate originating from hornbeam, whereas the highest amounts of the ion were released from fir wood in the V DC.
The wood of the examined species releases different amounts of cations (Ca 2+ , Mg 2+ , K + , Na + and NH 4 + ), the highest concentration being attained by the calcium cation. Typically, with each advancement in decomposition stage, the concentrations of the above cations increase. The wood of birch constitutes an exception in the group of the studied species, as at the earlier decomposition stages, it releases higher amounts of cations than at the V DC. The calcium ion occurred in the leachate originating from wood of different species at amounts ranging from 0.5 to 225.1 mg L ), whereas in the leachate originating from the wood at the highest decomposition stage, the differences in calcium ion concentration were found to be great. The highest concentration of the ion was determined in the leachate from the wood of ash (225.1 mg L −1 ) whereas the lowest in the leachate was determined as originating from hornbeam (0.5 mg L
−1
). Whereas in the leachate from other wood species, calcium occurred at levels between 26.0 and 84.4 mg L −1 (Table 3) .
Magnesium was found in the analysed wood leachate at lower amounts than those of calcium, i.e. 2.1-16.8 mg L −1 (in leachate from wood in the III DC), 3.4-12.6 mg L −1 (IV DC) and 3.2-64.4 mg L − 1 (V DC). The highest concentration of the magnesium ion among leachate from wood in the III DC was observed in the filtrate from birch wood (16.8 mg L −1 ), whereas in the case of the higher decay class wood (IV and V DCs), the highest concentration of the ion was found in the hornbeam wood leachate (Table 3) . Potassium cation was determined in the tested leachates at levels between 4.1 and 46.4 mg L −1
, and the minimum and maximum concentration of the ion was determined for the leachate originating from wood in the III DC. The lowest concentration was identified as originating in the leachate from oak wood, and the highest in the leachate from birch wood. In the leachate from wood in the IV decay class, the , whereas in the leachate obtained from wood at the highest stage of decomposition, the potassium concentration ranged from 8.1 to 36.6 mg L − 1 , and higher ) in leachate from deadwood of different species in various decay classes (DC-III, IV and V); Ald common alder, Asp common aspen, Ash common ash, Oak pedunculate oak, Hor hornbeam, Bir silver birch, Fir silver fir, Spr Norway spruce concentrations were determined in the leachate from aspen wood ( Table 3) .
The sodium ion varied to a lower degree among the examined species. It was determined in the examined leachates at the level between 1.3 and 15.9 mg L −1 . In the case of leachates originating from wood at the lowest decomposition stage (at the III DC), sodium was determined at the highest amount for the leachate from hornbeam and ash wood. The leachate originating from hornbeam wood in the V decay class contained the highest amount of sodium (15.9 mg L −1 ) ( Table 3 ).
The ammonium ion (NH 4 + ) turned out to be highly variable. In the leachate obtained from wood in the III decay class, the amount of ammonium ions was low (0.1-1.5 mg L −1 ) with the exception for the leachate originating from birch and alder wood, where the concentration of the ion was 3.6 and 2.6 mg L −1 , respectively. In the leachate from wood in the IV DC, the concentration of ammonium ion was more similar among the studied species, with the exception of the alder wood, where its concentration was 4.2 mg L −1 . In filtrates from the V DC wood, the highest amounts of ammonium ion were released by alder (8.6 mg L −1 ) and spruce, oak and fir wood (6.3-7.0 mg L −1 ) ( Table 3 and Fig. 5) . A GLM analysis demonstrates that wood species and the decomposition level are of equal importance for the ion composition of the filtrate leaching from wood ( ) existed in the leachate originating from wood at its highest decomposition level in comparison to leachate from wood in the III and IV decay classes (Fig. 6) .
The conducted agglomeration analysis indicates that certain groups of tree species are prominent and are similar in their field of cation composition of the leachate. These groups can be most clearly seen for the leachate originating from wood in the V decay class (Figs. 7 and 8) . In terms of the composition of the released cations, alder and aspen are the most prominent species; the second group comprises spruce, oak, fir and birch, and the last group with similar leachate composition contains hornbeam and ash wood. Considering the composition of anions, an agglomeration analysis indicates similarity of filtrates of such species as alder, birch and spruce; the second distinctive group is formed by oak, fir and aspen, whereas hornbeam and ash create a separate pair of species.
Discussion
This study demonstrates that in the majority of examined species, greater amounts of ions are released with the advancement of wood decomposition. The quantity of ions leached from decaying wood typically increases for several reasons. Firstly, with the advancement of decomposition of woodbuilding substances, carbon compounds are decomposed, primarily polysaccharides, and the relative (to wood volume) content of such macronutrients as nitrogen, phosphorus, sulfur, calcium and magnesium changes over time (Laiho and Prescott 2004) . As an example, after 14 years of decomposition, the content of phosphorus in the wood of Pinus contorta, Picea glauca and Abies lasiocarpa increased 4.0-, 2.5-and 9.0-fold, respectively, relative to the initial content (Prescott and Laiho 2002) . Krankina et al. (1999) , who analysed changes in the nutrient supply in deadwood of boreal forests, indicated that the nitrogen content during the decomposition process from the I to IV decay classes had increased by 45% in birch wood, 39% in spruce wood and 60% in pine wood. Previous studies indicated that certain elements, e.g. potassium, can be released at a higher rate; thus, their supply in deadwood is significantly reduced with advancing decomposition (Holub et al. 2001; Christensen and Vesterdal 2003; Yang et al. 2010) . Kuehne et al. (2008) Significance effect (P < 0.05) are shown in italic analysed the composition of leachate obtained through rinsing beech logs and determined a decrease of potassium concentration in the leachate originating from wood in the IV DC in relation to I, II and III DCs. In the study conducted by the above authors, the concentration of nitrate, ammonium, Ca and Mg ions was at its highest in the wood in the highest decay class and the obtained ion contents in the leachate from beech wood were similar to the contents observed in the present study for oak wood. In the present study, the release of potassium with the advancement of wood decomposition remained at a similar level or was slightly decreased. The wood of oak and spruce were exceptions, as slightly higher levels of potassium were found to be released at the higher decay levels.
Another cause of higher levels of ions leached from wood in the higher decay class is the change of physical properties of decomposing wood. The study of, among others, Christensen and Vesterdal (2003) , Laiho and Prescott (2004) and Yang et al. (2010) illustrated how the wood thickness is greatly decreased with the progress of decomposition level. This reduction results in increased porosity and water capacity of the wood, facilitating water penetration to wood and leaching of ions released during decomposition. Another cause determining the probability of water to penetrate wood, Fig. 7 The result of agglomeration with Ward's method of filtrates from deadwood in V decay classes (variables used in the analysis, cation content); Ald common alder, Asp common aspen, Ash common ash, Oak pedunculate oak, Hor hornbeam, Bir silver birch, Fir silver fir, Spr Norway spruce; 1, 2 and 3-repetitions of logs in each species while simultaneously determining the composition of ions leached from wood, is the structure of deadwood surface and the presence of bark and other Bcoats^, potentially reducing the possibility of water penetrating deadwood. The surface of the studied wood of different species in decay class III is mostly covered with bark, which may be partially cracked or chipped, yet it remains as a perfect layer preventing water penetration inside the log. Water flowing on the surface of logs covered with outer bark leaches different substances from it, and the concentration of these substances may reach 50-75% of the concentration of these substances released from wood at higher decomposition stages (Bade et al. 2015) . In general, logs in the higher decay class (IV) are deprived of bark, yet the surface of the log may be covered by scattered patches of mosses or lichens, creating an additional cover. The form of logs is oval, producing partial flow of water on the surface and a lower rate of water penetration in the wood. Highly decomposed wood (in the highest decay classes) loses content, and its oval shape can be entirely overgrown with mosses, yet the irregular outer surface, with numerous pits and fissures, facilitates water penetration inside the structure of highly decomposed logs (Harmon et al. 1986 ). Fukasawa et al. (2014) proved that wood at the advanced decomposition stage may retain tenfold more water compared to wood at the initial decay stage.
In this study, the characteristics of ions released from birch wood with the progress of decomposition exhibited different patterns from those obtained from other species. At the III decomposition stage, birch wood had already released large amounts of ions (particularly of calcium, magnesium, potassium, ammonium and nitrate anion), and with the intensification of birch wood decomposition, the amount of these ions flowing to the filtrate was vastly reduced. This phenomenon may be caused by relatively rapid decomposition of birch wood. During the field study, a strong Bhumification^of birch logs was observed, which, even in the DC V retained whole fragments of compact bark, under which aggregations of mycelium cords were observed, capable of full decomposition of log internal portions. It is possible that the relatively high durability of the birch bark, resulting from high content of suberin (Kociołek-Balawejder and Żebrowska 2009), has a stimulating effect on the log decomposition by means of maintaining high wood humidity inside the log.
In the conducted study, a strong variation of the ion composition of filtrate from different wood species was determined in comparable decay classes (DCs). This state stems from the considerable differences of the chemical composition of wood from different species, which has previously been demonstrated in numerous studies (Prescott and Laiho 2002; Laiho and Prescott 2004) . Wood of coniferous species is less abundant with such macro nutrients as N, P, K, Ca and Mg than deciduous wood, and the higher concentration of resinous substances and different chemical composition of the lignins may vastly hinder the microbial processes of wood decomposition in coniferous species (Kögel-Knabner 2002) . Within these groups, notable differences were also observed (Holub et al. 2001; Prescott and Laiho 2002) . It was demonstrated that changes in the content of certain macro nutrients depend on their initial content, which refers particularly to magnesium and potassium. Changes of nitrogen content are strongly linked to the ratio of this macronutrient to the phosphorus content in decomposing wood (Laiho and Prescott 2004) . In the conducted study, birch, aspen and hornbeam (at earlier decomposition stages) were the tree species to release higher amounts of cations to the filtrate and eventually to soil, whereas in V DC, the highest amounts of cations were released by ash, aspen, hornbeam and alder wood. In terms of anion release, these species were aspen and hornbeam.
Conclusions
In our study, we established the degree of significance of the species and decomposition stage for the levels of ions released from deadwood. At the highest decomposition stage (V DC), wood tends to release more ions to the topsoil than wood characterised by a lower decay class. The mean differences are 30-50% in the case of cations and 50-100% in the case of anions. An exception from the rule is the wood of birch, which in the III decay class releases more ions than in its higher decay classes. This mainly concerns calcium, magnesium, potassium and ammonium cations, which are released at high levels from birch wood in the III decay classes. When comparing the ionic composition of leachate released from wood of coniferous and deciduous tree species, the latter are characterised by higher cation concentrations in comparison to coniferous species. Among the deciduous species, the wood of such species as ash, hornbeam, aspen, birch and alder has the most favourable effect on soil through supply with ionic substances. Ash wood releases high amounts of calcium; hornbeam wood releases magnesium and sodium; and aspen releases calcium, potassium and nitrate anions. The leachate from alder wood is rich in ammonium, whereas decomposing birch wood supplies soil with large amounts of magnesium, potassium and ammonium. From the analysed coniferous species, fir wood has a more favourable effect in terms of ion release to soil than spruce wood. Fir wood, especially at advanced decomposition stage, releases large levels of calcium and nitrate anions, whereas spruce wood provides relatively high levels of phosphate and sulfate anions to the soil solution.
